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Abstract. Climatic effects of black carbon (BC) deposition The climatic effects of black carbon (BC) in snow are due
on snow have been proposed to result from reduced snouwo reduced snow albedo caused by absorption of solar radi-
albedo and increased melt due to light-absorbing particles. Iration, and induced melt of darker snow, which again lowers
this study, we hypothesize that BC may decrease the liquidthe albedo via the albedo feedback mechanism (e.g. Warren
water retention capacity of melting snow, and present ourand Wiscombe, 1980; Doherty et al., 2010).
first data, where both the snow density and elemental carbon Snow melt starts when snow temperature reaches the melt-
content were measured. In our experiments, artificially addedng point. Then, if the heating continues, the volume of liquid
light-absorbing impurities decreased the density of seasonwater increases until the holding capacity or the saturation
ally melting natural snow. No relationship was found in casepoint of liquid water is reached. This capacity is 3-5% on a
of natural non-melting snow. We also suggest three possiblenass basis and depends on snow grain structure and packing
processes that might lead to lower snow density. (DeWalle and Rango, 2008). When the flow of melt water be-
gins, the impurities may either be washed down through the
snow with the flow, or remain in the snow. It has been shown
that BC is less likely to be washed down through the snow
1 Introduction with melt water (Conway et al., 1996; Doherty et al., 2013).
Hence, if we consider natural snow with anthropogenic
For seasonal snow, snow melting is an important part of thegc, we can assume this impurity to remain in the melting
natural annual hydrological cycle. It is forced by atmosphericsnowpack' not to be washed down, and to potentially cause
sensible heat flux and solar radiation, where the albedo is @hanges in the snow properties and structure, as compared
critical factor due to its large variability. Snow albedo de- g clean snow. Therefore, we hypothesize that BC in snow
pends primarily on the grain size, wetness, impurities in themignt affect the liquid-water retention capacity of melting
near-surface snow layer, and directional distribution of thegnow. To test this hypothesis, we use our data of cold and

down-welling irradiance. Deposition of anthropogenic emis- meting snow, where both the snow density and BC content
sions to snow cover potentially causes albedo changes. Ijere measured.

terms of its climate forcing, black carbon (also known as
light-absorbing aerosol) has been hypothesized to be the sec-
ond most important human emission, and only carbon diox-
ide is estimated to have a greater forcing (Bond et al., 2013).
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2 Materials

All our snow density and BC data have been obtained for
natural seasonally melting snow in Sodankyla °@& N,
26°35 E), Finland, north of the Arctic Circle. By natural
snow we refer to a snow pack that has formed from snow-
fall (i.e. has not been produced by a snow cannon, and has
not been affected by human activity, e.g. snow clearing). The
data contain cases of cold and melting snow, both with and
without experimentally added impurities (Table 1).

The cold snow samples were snow on a lake
(17 March 2009), various sites around the Sodankyla
area (13 and 19 March 2009 and 23-24 March 2010), and
a fenced experimental field (6 and 10 April 2013). The
melting snow data were from the experimental field only
(17-18 April 2013 before and after rain).

The data originate from three campaigns: the Soot on
Snow experiment in 2013 (S0S-2013); the Snow Reflectance
Transition Experiment (SNORTEX 2008-2010, see Meinan-
der et al., 2013 for more details); and the SnowRadiance-
campaign (SR-2009). The S0S-2013 campaign was carried
out at the Sodankyla airport to study the effects of deposition
of impurities on surface reflectance, albedo and melt of sea-
sonal snow. The experimental area was a large, flat, fenced
open space, and the gravel ground was not covered with con-
crete or asphalt (Fig. 1). Different amounts of impurities were
deposited to snow on different spots, each with diameter ofigure 1. The S0S-2013 experimerga) Top: the flat and open ex-
4m, and thereafter the spots were monitored until the snowerimental field with the seasonal snow pa@&; bottom left: the
had melted. The sites were left to develop naturally, introduc-ground under the snow, i.e. a natural gravel surface, not covered by
ing as little disturbance as possible. Here we used data fromoncrete or asphalt, offered an uniform surface for the snow cover;
three experimental spots with chimney soot, one spot with(c) bottom right: previously added impurities were visible on the
Icelandic volcanic sand from Olafur Arnalds (Agricultural Surface of the melting snow, here volcanic sand.

University of Iceland) and Haraldur Olafsson (University of
Iceland), and one reference spot.

The SnowRadiance (SR) was an ESA-funded project aim

ing at determining snow properties from optical satellite

measurements. The BC samples were collected from th th lina box. Here the SoS data f i
snow over ice on Lake Orajarvi. The lake is frequently used rom the sampling box. Here e 505 data for meiing show
in the winter, e.g. for snowmobiling. was obtained for two subsequent days (Table 1), before and

During the S0S-2013, the SNORTEX-2009, and the SR_after rainfall. The snow was then_ wet, but not dripping wet,
2009 campaigns, surface snow samples were collected fo?nd no water escape from sampling was detectgd. .
analysis of their elemental carbon (EC) and organic carbon Ir_1 the S0S-2013 da}ta, show hardne_s;, grain sizes, and
(OC) concentrations using the filter-based thermal-opticalgraln shapes were (_astlr_nated and classified according to the
method, described and used in, for example, Forsstrm e?;t.ernatlonal Classification for Seasonal Snow on the Ground
al. (2009). The EC is used as a proxy of BC, due to the mea lerz etal., 2009).
surement technique used. In the SNORTEX-2010 campaign,
the sampling, filtering, and laboratory spectrometer analysiss Results
followed the procedures presented in Doherty et al. (2010).

Several samples were collected from each location. In our data for non-melting natural snow from the SR-
The snow densities (weight per volume) were measured®?009, SNORTEX-2009, SNORTEX-2010 and So0S-2013
manually, for either the whole snowpack vertical column campaigns, the BC concentrations varied between 8 and

(snow tube for SR and SNORTEX data), or for separate hori-126 ppb, and snow densities were 200-264 kgmThe
zontal snow layers (density cutter for SoS data to measure thdensity did not depend on the BC content (Fig. 2a, the dots
density of the visually dirty surface snow). One density mea-inside the circle).

surement for each location was made. To estimate the stan-

dard deviation of the density measurement, an earlier data set
of FMI was applied. Sampling of wet snow for density mea-
urements may be difficult since liquid water easily escapes
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Table 1. The origin of our Sodankylé snow density data coupled with BC analysis results. The campaigns are explained in the text.

Year Date Data Location Snow Artificial  BC
origin impurities  analysis
2009 17 Mar SR campaign  Snow on lake Cold snow No Thermal-optical
Orajarvi

2009 13,19 Mar SNORTEX Sodankyla area Cold snow No Thermal-optical

2010 23,24 Mar SNORTEX Sodankyla area Cold snow No Spectrometer
(Doherty et al., 2010)

2013 6, 10 Apr S0S-2013 Sodankyla airport  Cold snow Yes Thermal-optical

2013 17 Apr S0S-2013 Sodankyla airport  Melting, before rain ~ Yes Thermal-optical

2013 18 Apr S0S-2013 Sodankyla airport  Melting, after rain Yes Thermal-optical

However, in our SoS-experiment data of 6 April 2013, the are 95 % confident that the true slope of this equation is in
show with the BC maximum of 1465 ppb (Fig. 2a, one datathe range defined by0.27+0.19.
point for wood burning soot), had the lowest density ofall our For the snow density, we had one measurement for
data, 168 kgm3. MFcr-grains (melt—freeze crust, as a re- each location. Therefore, using a previous FMI Sodankyla
sult of melting and freezing) were 0.25-1.5 mm in diameter,snow density data set (unpublished data), the average
the surface hardness value was 4 (hard snow) and the snostandard deviation was determined, providing a value
depth was 56 cm. For comparison, with the reference nonof 17kgnt3 (n =79 pairwise measurementso; = 158,
sooted natural snow at that time (10 April 2013) on the sameps = [104,408] kg nT3) for the Sodankyla data.
experimental field: the Ppir-grains (Precipitation particles)
were irregular crystals, of 0.25-0.75 mm in diameter. The BC
concentration was 126 ppb, the density was 210 kd,rthe 4 Discussion and conclusions
hardness value was 1 (very soft snow), and the snow depth
was 65 cm. All our data of cold snow and melting snow represent the nat-
Our experimental data show that for the seasonally meltingural seasonal snow cover in Sodankyla, north of the Arctic
natural Arctic snow, with and without artificially added soot Circle. For the cold snow, the density was 200—-264 k§m
or volcanic ash, there was a correlation between the densityith BC 8-126 ppb. Our experimental results for an exces-
and the BC content of snow (Fig. 2b). This was the case botlsive (1465 ppb) amount of added BC (wood-burning soot)
prior to a rain period, and the next day after the rain. Theshow a reduction of the cold snow density. This result is
densities and the corresponding BC contents were measurdshsed on comparison of one sooted vs. one reference spot
separately for the top 5cm of the snow, not for the wholeonly; more data are needed to confirm this result. Earlier,
snow pack, and the impurities of volcanic sand, soot fromMeinander et al. (2013) reported on a larger data set (their Ta-
oil burner and wood burning soot were visually observed toble 3), where the snow BC content, in Sodankyla snow cover
remain on the snow surface, too (Fig. 1). All the grains of thein 2009-2011, varied in one sampling location between 9 and
surface layer were melt—freeze crust (MFcr). 106 ppb in the natural snow cover. Thus, our cold snow data
The BC concentrations in individual snow samples var-presented here represents well the natural BC variability in
ied from 9 to 730 ppb. From these, the averages for eaclsodankyla.
experimental spot were calculated (92—-310 ppb), and plot- Artificially added impurities in our experiments on natu-
ted in Fig. 2b. The standard deviatian)(for the clean refer-  ral snow decreased the snow density of melting snow (Fig. 2,
ence snow samples (no added impurities) was 34ppb7), Eqg. 1). Moreover, the densities were measured both prior to
and most ofterv was larger for spots with added impu- and after rainfall (4.9 mm water in 3 h), which occurred be-
rities, dependent on the number of samples (from 1 to S)tween two subsequent measurement days. In both cases, the
and the spot properties; e.g. for one spot with added sootlarger the BC content, the smaller the density. Thus the rain
itwaso =28 ppb ¢ =5). The Eq. (1) shows the relation be- did not change this order, which further supported our hy-
tween the snow densify [kg m—3], and the BC contertgc pothesis that the impurities may affect the water retention
[ppb] for the melting snow derived from the S0S-2013 datacapacity. Furthermore, according to our recent laboratory ex-

(R? =0.66): periment (unpublished data), we found that snow with ar-
tificially added soot released melt water sooner than snow
ps = —0.27Cgc + 4406, (1) without added soot. For this experiment, we added a known

amount of soot to a snow sample, mixed the soot and snow,
whereCgc =[92,310] ppb. The 95 % confidence interval of and let the snow melt indoors, while measuring the melt wa-
the slope of the Eq. (1) is from0.46 t0—0.08, that is, we ter on a drip pan as a function of time. The results showed
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(a) data were found to support our hypothesis that BC may de-
300 crease the liquid-water retention capacity of melting snow.

- s As a summary, according to our experience and observa-

tions, we suggest three possible processes that might lead to

the lower snow density:
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1. A semi-direct effect of absorbing impuritiesbsorbing
impurities would cause melt and/or evaporation from
the liquid phase and sublimation from the solid phase
of the surrounding snow, resulting in air pockets around
the impurities, and thus lower snow density. We have
empirical observations, where impurities (both organic
and inorganic) in the snow have been surrounded by air
pockets.
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fluence on the density of wet snow is then max 5%
(at this level water flow starts in natural snow). How-

ever, with daily cycles, warm days and cold nights, the
weaker adhesion may push liquid water down more day-
by-day and then the influence to the density would be
larger. This way also melt—freeze metamorphosis would

R?= 0,6587 soot
250 produce less dense snow.
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BC [ppb] 3.

BC effect on the snow grain sizAbsorbing impuri-
ties would increase the melting and metamorphosis pro-
cesses, resulting in larger snow grains, which would
lower the water retention capacity. Earlier, Yamaguchi
et al. (2010) have suggested that the water retention
curve of snow could be described as a function of grain
size using soil physics models. Here our data showed
some slight indication for the possibility of soot in snow
to result in larger snow grain sizes via increased melt
and metamorphosis, and our data did not show clear ev-
idence against this possibility.

Figure 2. The black carbon (BC) content [ppb] vs. density [kgﬁ]
for the natural seasonal snow cover in Sodankyld, north of the Arc-
tic Circle with and without artificially added impurities. The line
is the least squares linear fit through all the poi(e3.Cold snow-
pack: for natural snow without added impurities, BC concentrations
were 8-126 ppb, and snow densities were 200—2641‘(%1 amd for
the reference S0S-2013 spot BC was 126 ppb and the snow den-
sity was 210 kg m3 (within the circle); when wood-burning soot
was artificially deposited to this SoS-spot, BC in snow was mea-
sured to be 1465 ppb, and snow density decreased to 168§g m
(outside the circle)(b) Melting snow: S0S-2013 data for reference
spots (within the circle), and spots with artificially added impurities Volcanic sand is assumed not to contain BC (Dadic et al.,
of volcanic sand, soot from oil burner and wood burning soot (out- 2013, Fig. 12a). This assumption is further supported by our
side the circle). The densities and corresponding carbon contentgyn EC analysis of volcanic sand samples with the thermal
were measured separately for the specified surface layers, not for optical method showing hardly any EC. Instead, the BC
the entire snow pack. in our volcanic sand spot can be assumed to originate ei-
ther from long-range transport, or from our other experimen-
tal spots with added soot; carbonaceous material in volcanic
aerosols has also been proposed to be due to tropospheric
that while the control snow started to release melt water afteair that is entrained into the volcanic jet and plume (Ander-
40 min, the snow with added soot released melt water alreadgson et al., 2013). Our observations and measurements indi-
after 12 min. When cold water was added on snow, the con€ate that for a visually darker snow surface, the analyzed BC
trol snow released water after 29 min, while the same amountontent is larger and the measured snow density is smaller,
of water in sooted snow caused water to release already afegardless of whether soot or volcanic sand had been added
ter 7 min. All the snow samples were of the same size (sameo the spot.
weight and volume) representing the same natural snow, and The significance of our results on reduction of snow den-
mechanically treated the same way whether soot was addesity, and possibly also decreasing water holding capacity due
or not, for example, the control snow was also mixed al-to the black carbon, may be due to the fact that (i) snow den-
though no soot was added. Hence, these new experimentalty is an important snow parameter that has been found to
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correlate with several factors affecting the snow melt, suchConway, H., Gades, A., and Raymond, C. F.: Albedo of dirty snow

as snow age and liquid-water holding capacity (Kuusisto, during conditions of melt, Water Resour. Res., 32, 1713-1718,

1984); (i) snow density multiplied by snow depth equals the  1996.

important climate model parameter of snow water equivalenfadic, R., Mullen, P. C., Schneebeli, M., Brandt, R. E., and Warren,

(SWE); and (jii) our results may have potential in reducing S. G.: Effects of bubl_)les, cracks, and volcanic t_ephra on t_he spec-
the uncertainties (IPCC, 2013) related to the effect of black & albedo of bare ice near the Transantarctic Mountains: Im-

carbon on snow melt and climate change. plications for sea glaciers on Snowball Earth, J. Geophys. Res.-

he low density of d . d Earth, 118, 1658-1676, d@D.1002/jgrf.200982013.
In nature, the low density of new dry snow increases U€hewalle, D. R. and Rango, A.: Principles of snow hydrology, Cam-

to gravitational settling, wind packing, sintering, and rr_lelt—_ bridge University Press, Cambridge, UK, 2008.
freeze events. Thes_e processes depend on the grain S'_Zl§oherty, S. J.,, Warren, S. G., Grenfell, T. C., Clarke, A. D.,
shape and organization, and snow temperature. The density and Brandt, R. E.: Light-absorbing impurities in Arctic snow,
of snow is also affected by water vapour diffusion inthe snow Atmos. Chem. Phys., 10, 11647-11680, #0i5194/acp-10-
pack, as well as by the temperature and the vegetation un- 11647-20102010.
der the snow. In our experimental data, we can assume simPoherty, S. J., Grenfell, T. C., Forsstrém,S., Hegg, D. L., Brandt, R.
lar environmental conditions with only the impurity contents ~ E- and Warren, S. G.: Observed vertical redistribution of black
in snow being the varying factor; our results are for natu- carbon and other insoluble light-absorbing particles in melting
ral snow on natural ground, and we did not have data for_ SPOW: J- Geophys. Res.-Atmos., 118, 5553-5569, 2013.

. - ierz, C., Armstrong, R. L., Durand, Y., Etchevers, P., Greene, E.,
drainage of melt water in the snowpack. Here we reportetf

fi I d d ded furth d McClung, D. M., Nishimura, K., Satyawali, P. K. and Sokratov,
our first results, and more data are needed to further study S. A.: The International Classification for Seasonal Snow on the

the effect of light-absorbing impurities on density and water Ground, IHP-VII Technical Documents in Hydrology No. 83,
retention capacity of melting snow. IACS Contribution No. 1, UNESCO-IHP, Paris, 2009.
Forsstrom, S., Strom, J., Pedersen C. A., Isaksson, E., and Gerland,

S.: Elemental carbon distribution in Svalbard snow, J. Geophys.
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